ABSTRACr The recA and 1exA proteins of Eseherichia coli are involved in a complex regulatory circuit that allows the exression of a diverse set of functions after DNA damage or inhibition of DNA replication. Exponentially growing cells contain a low level of recA protein, and genetic evidence suggests that lexA protein is involved in its regulation, perhaps as a simple repressor. Recent models for recA derepression after DNA damage have suggested that an early event in this process is the proteolytic cleavage of lexA protein, leading to high-level expression of recA. We present several lines of evidence that the specific protease activity of the recA protein, previously described with the A repressor as substrate, is Escherichia coli exhibits a complex response to agents that damage DNA or inhibit DNA replication (1). A number of new cellular processes, including mutagenesis, prophage induction, and new DNA repair capacity, are expressed. These are sometimes called "SOS functions" because they ark believed to aid cell survival. Extensive genetic evidence indicates that expression of these processes is controlled by a regulatory system that involves the products of at least two unlinked genes, recA and lexA. The biochemical analysis of the recA and 1exA proteins has begun, and in this communication we report evidence for a direct interaction between the two proteins.
ABSTRACr The recA and 1exA proteins of Eseherichia coli are involved in a complex regulatory circuit that allows the exression of a diverse set of functions after DNA damage or inhibition of DNA replication. Exponentially growing cells contain a low level of recA protein, and genetic evidence suggests that lexA protein is involved in its regulation, perhaps as a simple repressor. Recent models for recA derepression after DNA damage have suggested that an early event in this process is the proteolytic cleavage of lexA protein, leading to high-level expression of recA. We present several lines of evidence that the specific protease activity of the recA protein, previously described with the A repressor as substrate, is cApable of cleaving the wild-type lexA+ protein. First, lexA protein can be cleaved in vitro under the same conditions as previously described for A repressor cleavage in a reaction requiring both recA protease and ATP or an analogue, adenosine 5'{'y-thioJ triphosphate. Second, lexA protein can be observed in vivo as a physical entity after infection with A kxA+ transducing phage of host strains containing little or no active protease, but not in strains containing high levels of active protease. Finally, infection of host cells containing active protease with a AX exA+ transducing phage does not lead to repression of recA, but does so in cells lacking active protease. In all of these conditions the mutant lexA3 protein is largely resistant to inactivation or cleavage; this resistance can explain the dominant phenotype of lexA3 over lexA+. We discuss models for recA derepression and re-establishment of repression which propose that modulation of the protease activity of recA protein regulates both of these transitions.
Escherichia coli exhibits a complex response to agents that damage DNA or inhibit DNA replication (1) . A number of new cellular processes, including mutagenesis, prophage induction, and new DNA repair capacity, are expressed. These are sometimes called "SOS functions" because they ark believed to aid cell survival. Extensive genetic evidence indicates that expression of these processes is controlled by a regulatory system that involves the products of at least two unlinked genes, recA and lexA. The biochemical analysis of the recA and 1exA proteins has begun, and in this communication we report evidence for a direct interaction between the two proteins.
The recA protein has recently been purified and extensively characterized in vitro. It exhibits at least two distinct sets of properties. First, it binds to single-or double-stranded DNA and to double-stranded DNA possessing internal or terminal single-stranded regions; it catalyzes assimilation of single-stranded DNA fragments into homologous duplex DNA, and when bound to single-stranded DNA it promotes unwinding of double-stranded homologous or nonhomologous DNA (2-7). These functions are believed to be important in DNA repair and in genetic recombination. It also exhibits DNA-dependent ATPase activity, which is probably involved with its DNAThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 3225 binding activities (2, 8, 9) . Second, the recA protein is a highly specific protease (9-13). It cleaves the phage A repressor, inactivating its function, in a reaction requiring ATP and single-stranded DNA. A mutant form of the recA protein, the product of the tif-1 allele, is several-fold more active than is the wild-type protease in this reaction. In contrast, the biochemical function of the lexA protein is not yet known. Genetic evidence suggests a role in the regulation of the recA gene, perhaps as a simple repressor (14) (15) (16) . We have recently identified the lexA3 mutant protein by radiolabeling techniques and studies with mutants (17) and have also shown that the wild-type lexA + protein is probably a protein with a mobility slightly different from that of the mutant protein in our electrophoresis system. In this report we confirm this identification of the lexA + protein and use radiolabeled lexA + and lexA3 proteins to test a major postulate of recently proposed models for recA regulation.
These models (13) (14) (15) (16) propose that the inactivation of the lexA + protein by the recA protease is an early event in derepression of recA and in the expression of SOS functions. The models hold as well that the lexA3 mutation, which is dominant to lexA +, changes the lexA protein so that it is resistant to cleavage, in analogy to the dominant Wclind-mutation, which makes A repressor resistant to cleavage and prevents X induction (10) . We have tested these predictions in several ways. Our evidence indicates that recA protease specifically cleaves the lexA + protein and that the mutant lexA3 protein is markedly resistant to cleavage.
MATERIALS AND METHODS
Strains Used. A list of many of the bacterial strains used and the nomenclature used is in Table 1 Nomenclature is that of ref. 21 with these exceptions: tif-1 is an allele of recA (14-16); spr-51 is an allele of lexA believed to make a nonfunctional product (22) ; spr-55 is an amber mutation in lexA (23); lexA3 encodes an altered, active protein and is dominant to wild type (24) .
beled for 1 hr as described except that cells were starved and labeled in one-fifth the initial volume and at 20 ,uCi/ml (1 Ci = 3.7 X 1010 becquerels). Isopropylthiogalactoside (2 mM) was added to cultures of JL451 at the start of the starvation period. Cells were then washed, concentrated, and frozen as described (17) . Extracts were prepared by sonication in basic buffer [10% (wt/vol) sucrose/20 mM Tris-HCl, pH 7.4/1 mM dithiothreitol/0.5 mM EDTA] plus 0.1 M NaCl and 1 mM phenylmethanesulfonyl fluoride, followed by centrifugation for 5 min at 15,000 X g (Minifuge). The advantages of this system over the UV-irradiated cell system for the in vitro experiments are the absence of labeled material from the position of lexA cleavage fragments and the fact that a higher proportion of added label is incorporated (not shown).
Purification of recA Protein. A procedure modified from that of Roberts et al. (9) was followed. Exponentially growing W3350 cells were infected with XrecA + Qam73 or Xtif-1 Qam73 and shaken for 2 hr at 370C (see ref. 28 ). Cells were harvested, suspended in basic buffer plus 0.2 M NaCl, and frozen. Extracts were made by sonication in basic buffer containing 0.2 M NaCl and centrifuged for 15 min at 16,000 X g; the supernatant was adjusted to 0.2 M NaCl and fractionated by polymin P and ammonium sulfate precipitation as described (9) . Material was then bound to DNA-agarose as described; the column was washed with basic buffer containing 0.075 M NaCl, and recA (or tif-i) protein was eluted with basic buffer containing 0.25 M NaCl. The protein was >90% pure as judged by gel electrophoresis (not shown).
Other Methods. Labeling of cells in the UV-irradiated cell system and gel electrophoresis were as described (17, 29) with modifications as indicated. Fluorography was done by soaking the gel for .1 hr in 50% methanol/10O% acetic acid (vol/vol), followed by 1 hr in EN3HANCE (New England Nuclear), 1 hr in H20, drying, and exposure to Kodak XR-2 film at -70'C. Gel electrophoresis to obtain accurate molecular weights was done according to Weber and Osborn (30) . We have observed anomalous migration of other small proteins of known molecular weights in the Laemmli system (unpublished data); however, it is superior in that it gives better resolution of individual components. 3sSLabeled X repressor was purified from labeled cells carrying pKB280 (10, 27, 31) and was the gift of B. Knoll. Extracts of cells labeled in the UV-irradiated cell system were made as described (32), with the addition of several cycles of freezing and thawing after the heat-pulse step.
RESULTS
Identification of Wild-Type lexA Protein. We have previously shown, by using the UV-irradiated cell system, that the product of the mutant lexA3 gene is 25 kilodaltons in size and that the phage XlexA + encodes a protein with significantly greater mobility in the Laemmli gel system used (17) . Several indirect arguments suggested that the latter protein was the product of the lexA + gene. Two additional lines of evidence now confirm this identification. First, the two proteins displayed identical mobilities (data not shown) in a different gel system, the Weber-Osborn system (30) , in which mobilities are linear functions of the logarithm of the molecular weight. These gels give a size of 25 kilodaltons for lexA protein. Second, two newly isolated derivatives of XlexA + which display altered lexA phenotypes (L. Pacelli and D. Mount, unpublished data) also encode altered gene products whose mobility is greater in one case, and smaller in the other, than that of the lexA + protein in the Laemmli system; all three proteins again have identical mobilities in the Weber-Osborn system (data not shown). We conclude, first, that the differences in mobility described are probably due to alterations, not in size, but in charge or some other feature of an amino acid change (see refs. 33 and 34) and second, that the "24-kilodalton" band made by XlexA + is the lexA + gene product. Independent work of Brent and Ptashne (35) supports the latter conclusion.
Cleavage of 1exA Protein in Vitro. To investigate whether lexA protein could be cleaved in vitro, we labeled the lexA + and lexA3 proteins in the "maxicell" system (19) , which permits specific labeling of proteins encoded by multicopy plasmids. Host cells contained either pJL41, which carries lexA +, or pJL26, a plasmid similar to pJL41 but carrying the lexA3 allele. Extracts were prepared from labeled cells by sonication and treated with purified tif-1 protease under conditions that support cleavage of the phage X repressor (11) . Reaction mixtures were then analyzed by gel electrophoresis and fluorography.
The lexA + protein was cleaved (Fig. 1 , lanes 4 and 6) in a reaction requiring both the tif-1 protease and either ATP or an analogue, adenosine 5'-[y-thio]triphosphate (ATP[S]) (lanes [1] [2] [3] [4] [5] [6] . Both of these components are also required for the in vitro cleavage of X repressor (11) . The mutant lexA3 protein, by contrast, was relatively resistant to cleavage by the tif-1 protease (lanes [7] [8] [9] [10] [11] [12] .
Cleavage of lexA + protein gave rise to at least one large (29) degradation product, denoted LI in Fig. 1 . A second fragment, denoted L2, also appeared to be present but was not well resolved as a separate species. These fragments were similar in size to those resulting from cleavage of purified X repressor (lanes 14 and 15) .
Treatment of mutant lexA3 protein with tif protease did result in some cleavage, and a fragment (denoted LI') was observed whose mobility differed from that of fragment Li in the same way as with the respective uncleaved proteins. Again, a fragment in the position of L2 appeared to be present as well. The rate of cleavage of lexA3 protein was much less than that of wild-type lexA + protein, however, as shown by kinetic experiments (Fig. 2) , in which lexA + and lexA3 proteins were treated with tif protease at 12 and 200,g/ml, respectively. From these and other data (not shown), we estimate that mutant lexA3 protein is cleaved at roughly 1% the rate of wild-type lexA + protein under these conditions. We also conclude that a direct precursor-product relationship exists between intact lexA protein and the breakdown products.
In similar experiments with the wild-type recA + form of the protease, this protein also cleaved the lexA + protein, and again the lexA3 protein was markedly resistant to cleavage (not Reaction mixtures were warmed to 371C, and a 30-IdI sample of each was taken and treated with 10 ,l of 4X sample buffer as in Fig. 1 . To the remaining portion, tif-1 protein was added to 12 Wg/ml (lanes [2] [3] [4] [5] or 200 ug/ml (lanes 7-11). Aliquots were taken at intervals, treated as above, and analyzed as in shown). Kinetic experiments like those shown in Fig. 2 also demonstrated that the rate of cleavage of lexA + protein by the tif mutant form of the protease was about 3-fold greater than that shown by wild-type recA protease (data not shown); a similar difference has been observed for this reaction with X repressor as substrate (ref. 12; our unpublished data).
A separate set of experiments (not shown) with extracts from cells labeled in the UV-irradiated cell system gave results completely consistent with the above data, although the cleavage products were usually obscured by a heavy background in that part of the gel pattern. Control experiments also showed that, as expected (10), the wild-type X repressor could be cleaved by tif protease under our conditions, but the mutant XcIind-mutant form of the repressor could not.
Apparent Cleavage of keA Protein in Vivo. To test whether the lexA protein could also be cleaved in vivo by the recA protease, we used the UV-irradiated cell system to examine the 1exA + and lexA3 proteins made by AlexA + and AlexA3. Host strains carried a spr mutation in the lexA gene. Such strains appear to lack lexA function (22, 23) ; they make recA protein at high rates and contain high levels of this protein (12, 14) . The apr strains used carried recA + or one of two recA alleles and would thus be expected to contain high levels of the corresponding wild-type or mutant form of the recA protein. Hosts were also lysogenic for Xind-to block expression of phage genes.
In this system, the observed level of mutant lexA3 protein was about the same whether the host carried the recA +, tif-i, or missense recA13 allele (Fig. 3, lanes 6, 2, (17) In other studies, high levels of lexA + protein were also seen in strain DM1415 (not shown); this apr strain carries the missense recAl allele, whose product is inactive with X repressor as substrate (9) . We have previously observed lexA + protein in a spr zab host (17) , which contains very low levels of tif protein; the levels of lexA + protein observed in a apr zab host were generally about a third to a half those of iexA3 protein (ref.
17, and unpublished data), suggesting the possibility that even the low level of tif protein in this host sufficed to reduce significantly the level of intact lexA + protein in this system. The inverse correlation between the level of intact lexA + protein and the level of protease activity expected from studies with X repressor suggests strongly that the 1exA + protein was cleaved in vivo by the tif-1 or recA + protease. The fact that the lexA3 protein was seen in all the spr strains studied implies that, in vio as in vitro, the lexA3 protein was relatively resistant to cleavage.
Effect of recA Protease on lexA Function in Vivo. In order to determine whether proteolytic cleavage of lexA + protein destroyed its in vivo function, we developed a test for the function of lexA protein that allowed us to vary both the recA and lexA components of the system. In this test, we asked whether lexA protein expressed after infection with XlexA phage could act to repress recA in apr hosts. Exponentially growing cultures of spr (Xind-) strains were infected with XlexA + or XlexA3; control samples were infected with X, XlexA3 spr-55, or with no phage. After a period of time, the rate of recA protein synthesis was measured by pulse labeling with [&sSimethionine and analysis of labeled proteins by electrophoresis and autoradiography.
Infection of any of several spr strains with XlexA3, carrying the mutant lexA3 allele, led to repression of recA (Fig. 4, lanes  3, 8, and 13 We conclude from these data that the ability of wild-type phage-induced lexA + protein to function in recA repression in these experimentsis affected by the presence of pre-existing high levels of functional recA protein in the infected cell. Taken together with our other results, these findings indicate that the wild-type lexA + protein (but not the mutant texA3 form) is inactivated by the recA protease before it can function to repress recA. It is possible that more indirect effects of recA protease action also contribute to the effects described. (Fig. 1) . Second, the lexA + protein could be observed as a physical entity in a spr host containing high levels of a missense recA protein or very low levels of tif protein (17), but not in hosts containing high levels of active protease (Fig. 3) . Finally, the ability of the lexA gene product encoded on XlexA + to repress the recA gene in spr-5i hosts was measured (Fig. 4) and was found to be impaired in hosts containing active protease when compared with hosts containing a probably nonfunctional recA protein.
DISCUSSION
In contrast to these findings, the mutant lexA3 protein was largely resistant to the protease, both in vivo and in vitro, and it was functional in vivo in the presence of high levels of active protease. This property of the texA3 protein can explain the in vivo dominance of the texA3 allele over wild-type texA +.
It is probable that cleavage of lexA protein is a major physiological role of the recA protease activity. In this view; A repressor has evolved so as to be sensitive to the protease, an advantageous property for the virus because it allows a prophage to escape from a cell whose DNA has been damaged and that may be destined to die. It remains possible, of course, that other cellular proteins are also substrates for the protease (1, 36) .
Our results support the following model for the early events in recA derepression (see also refs. 13-16, 37, and 38). Exponentially growing cells are known to contain low levels of recA protein. After DNA damage, this small amount of protein is activated by binding to a signal molecule, such as singlestranded DNA or small DNA fragments (13, 29, (37) (38) (39) , and becomes active protease which then cleaves and inactivates the lexA protein. High-level expression of the recA gene ensues.
Because cleavage of X repressor in vivo is a slow process (10) and ordinarily occurs only upon derepression of recA, this model suggests that lexA protein is a better substrate for the protease than is X repressor. Preliminary observations (not shown) support this expectation, but definitive comparisons must await purification of lexA protein. The model also predicts that the in vivo level of protease activity is not necessarily proportional to the concentration of recA, but can be modulated by other effectors, as observed in vitro (11, 13) (see also below).
Although our findings indicate that lexA protein is probably inactivated by proteolysis, the specific function of lexA protein in regulation of recA remains unclear. Because expression of the lexA protein appears to be sufficient to lead to recA repression (Fig. 4) , however, our findings do suggest that the function of lexA protein in recA repression is a relatively direct one.
How does a cell containing high levels of recA protein regain the function of lexA protein which is needed during the transition from the induced state to exponential steady-state growth? It is known from pulse-chase experiments that recA protein is stable as a physical entity during this transition, at least in the case of nalidixic acid treatment (40) and UV irradiation (ref. 41 ; our unpublished data). We propose that a critical step in the transition is that the protease activity of recA protein is reduced or abolished as a result of changes in the intracellular milieu, even though the protein persists at high levels and may retain some of its DNA-binding activities.
We postulate that the return to a normal growth state includes the following steps. First, the damage to DNA is fully or largely repaired, or a block to DNA replication is removed. Second, this leads to a drop in levels of a signal molecule, such as single-stranded DNA, which symbolizes the damaged state. Third, the level of recA protease activity drops because an activating cofactor (the signal molecule) becomes limiting. Fourth, enough functional lexA protein can then accumulate to function in repression of recA, and the rate of recA expression declines (see refs. 29, 37, 40, and 41) . Fifth, the rate of lexA expression drops as a consequence of lexA autoregulation (17, 35) and the level of lexA protein rises to a steady state. As cell growth continues, the level of recA protein declines asymptotically to a steady state by simple dilution. At this point the elements of the recA-lexA regulatory system have returned to normal states, and the surviving cells can be said to have recovered from the inducing treatment.
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